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We provide a theoretical description of the optical orientation of a single Mn2+ ion spin under quasi-resonant
excitation demonstrated experimentally by Goryca et al. [Phys. Rev. Lett. 103, 087401 (2009)]. We build and
analyze a hierarchy of models by starting with the simplest assumptions (transfer of perfectly spin-polarized
excitons from Mn-free dot to the other dot containing a single Mn2+ spin, followed by radiative recombination)
and subsequently adding more features, such as spin relaxation of electrons and holes. Particular attention is
paid to the role of the influx of the dark excitons and the process of biexciton formation, which are shown to
contribute significantly to the orientation process in the quasi-resonant excitation case. Analyzed scenarios show
how multiple features of the excitonic complexes in magnetically-doped quantum dots, such as the values of ex-
change integrals, spin relaxation times, etc., lead to a plethora of optical orientation processes, characterized by
distinct dependencies on light polarization and laser intensity, and occurring on distinct timescales. Comparison
with experimental data shows that the correct description of the optical orientation mechanism requires taking
into account Mn2+ spin-flip processes occurring not only when the exciton is already in the orbital ground state
of the light-emitting dot, but also those that happen during the exciton transfer from high-energy states to the
ground state. Inspired by the experimental results on energy relaxation of electrons and holes in nonmagnetic
dots, we focus on the process of biexciton creation allowed by mutual spin-flip of an electron and the Mn2+
spin, and we show that by including it in the model, we obtain good qualitative and quantitative agreement with
the experimental data on quasi-resonantly driven Mn2+ spin orientation.
I. INTRODUCTION
Manipulation of single spins localized in semiconductor
materials has been a focus of great attention both due to
prospects of their use for quantum computation purposes
[1, 2], and also for other nano-electronic applications [3]. Car-
rier (electron or hole) spins localized in quantum dots (QDs)
can be coherently controlled electrically [1] and, more impor-
tantly in the context of this paper, optically [2, 4]. In fact, a
single quantum dot can be selectively excited by laser light,
and its photoluminescence can be detected [5], allowing for a
direct measurement of a single nanoscale system.
Spins of transition metal impurities (e.g., Mn in II-VI and
III-VI materials) in diluted magnetic semiconductors (DMS)
are strongly coupled to carriers by the s, p-d exchange in-
teraction, leading to well-known pronouncedmagneto-optical
effects in II-VI materials [6], and to carrier-mediated ferro-
magnetism in II-VI [7] and III-V materials [8, 9]. The opti-
cal orientation of ensembles of these spins (i.e., creation of
their magnetization due to absorption of circularly polarized
light) was observed almost thirty years ago in (Hg,Mn)Te
[10, 11] and (Cd,Mn)Te [12]. Later, precession of photo-
oriented Mn2+ spins in transverse magnetic field was ob-
served in (Cd,Mn)Te quantum wells [13]. More recently, this
phenomenon was also optically detected for a relatively small
number (a few hundred) of Mn spins in (Ga,Mn)As quantum
well [14]. It should be stressed that for the main Mn spin
relaxation mechanisms, both transverse and longitudinal, are
made possible by short-range Mn-Mn exchange interactions,
the importance of which grows with increasing Mn concen-
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tration. Since the orbital moment of Mn2+ ion (which has
a half-filled shell with spin S = 5/2) is zero, the spin-orbit
interaction effects are strongly suppressed, so that the direct
process of energy relaxation via phonon emission is expected
to be weaker than relaxation processes made possible by Mn-
Mn interactions. The longitudinal relaxation of Mn spins in
(II,Mn)VI materials is usually explained by phonon-induced
modulation of Mn-Mn interactions, [15] with the hyperfine in-
teraction between the Mn electronic spin and its nuclear spin
starting to play a role at very small Mn concentrations and at
magnetic fields close to zero [16]. Transverse Mn spin relax-
ation is also caused by anisotropic part of Mn-Mn superex-
change [17, 18], which also explains the dynamics of magne-
tization creation in a magnetic polaron [19, 20].
It could be thus expected that an isolated Mn2+ spin should
have long relaxation and coherence times, while the s, p-d ex-
change interaction should allow for its manipulation with the
help of electrons and holes, controlled either optically or elec-
trically. These expectations spurred intense research on QDs
containing single transition metal ions. After the first optical
measurements identifying CdTe/ZnTe dots containing single
Mn2+ spins [21], many features of the energy spectrum and
the dynamics of single Mn spins in CdTe/ZnTe QDs [22–36],
CdSe/ZnSe QDs [37–39] and InAs/GaAs QDs [40–42] were
experimentally investigated. Among others, this includes
demonstration of the optical orientation [26–28, 38, 42], opti-
cal Stark effect [30], and coherent precession of a single Mn2+
spin [34, 35], as well as determination of its relaxation time
in different QD systems [27, 37, 43]. More recently, the re-
search on magnetic-ion-doped QDs was also extended to the
dots containing other transition metal ions, such as Co2+ [37],
Fe2+ [44] and Cr2+ [45, 46] exhibiting non-zero angular mo-
mentum and thus being very sensitive to the local strain.
The key optical feature of a QD containing a single mag-
2netic ion is a multifold splitting of the neutral exciton (X)
emission line. In the particular case of a CdTe/ZnTe QD with
a single Mn2+, the photoluminescence (PL) spectrum consists
of six strong lines corresponding to bright excitons shifted in
energy by the exchange interaction (mostly p-d hole-Mn2+
interaction) with the six possible states of the Mn2+ spin.
For our considerations here it is crucial to note the presence
of other, weaker lines, corresponding to mostly dark exciton
states [24, 29], which are “brightened” by flip-flop parts of the
s-d and p-d exchange interactions, the latter being allowed by
the presence of significant heavy-hole (hh) - light-hole (lh)
mixing in II-VI QDs. The magnitude of this hh-lh mixing can
be estimated from the measurement of linear polarization of
charged trion emission [24, 47].
In this paper we focus on the optical orientation of a single
Mn2+ ion spin in a CdTe/ZnTe QD. In general, such an orien-
tation can be induced by spin-polarized excitons that might be
introduced to the QD under circularly-polarized optical exci-
tation. We would like to stress here a somewhat underappreci-
ated fact, that the exact microscopic mechanism of such a pro-
cess for a single Mn2+ spin, in the case of three-dimensional
confinement of carriers that are coupled to it, is by no means
obvious. In the case of bulk materials and quantum wells,
continuous spectrum of carrier states of two spin polarizations
was leading to existence of typically sizable phase space for
spin-flip scattering between photo-excited and optically polar-
ized carriers and the localized Mn2+ spins [48]. Furthermore,
as explained previously, the intrinsic (i.e. not related to pres-
ence of photo-excited carriers) processes of spin relaxation of
Mn2+ spins are becomingmore efficient as the Mn2+ concen-
tration increases, and in most of samples of dilute magnetic
semiconductors the possibility of localized spins simply relax-
ing in the molecular field generated by spin-polarized photo-
carriers is a priori possible (in reality one has to take into
account competition between this process and the process of
fast spin relaxation of carriers in presence of their large spin
splitting generated by large number of Mn2+ ions interacting
with each electron and hole [20, 49]). For a single Mn2+ spin
interacting with excitons confined in three dimensions, i.e. the
case of interest here, these simple mechanisms obviously do
not work.
Sizable optical orientation of a single Mn2+ spin was, how-
ever, demonstrated in two kinds of experiments utilizing dif-
ferent excitation techniques. The first one relies on resonant
pumping of certain excitonic state in the Mn-doped QD, ei-
ther an excited higher-energy orbital state [26], or one of six
exchange-split ground states of X-Mn2+ complex [28]. The
second technique involves quasi-resonant excitation of Mn-
dopedQD through a spontaneously created, adjacent QD [27],
and the mechanism of optical orientation of the Mn2+ spin
in this case is the topic of the investigation presented in this
paper. The quasi-resonant excitation relies on the fact that
the CdTe QDs show a tendency to form chain-like patterns
of closely spaced dots, some of which turn out to be strongly
coupled by an efficient exciton tunneling process [50]. Exper-
imentally, such a coupled pair of QDs is identified as a sharp
resonance in the photoluminescence excitation (PLE) spec-
trum [50]. It occurs when the excitation laser energy is tuned
to the ground state of the neutral exciton in a rather small QD,
from which the exciton tunnels out in a few ps, and subse-
quently recombines from the orbital ground states of an adja-
cent larger QD, emitting light of energy about 0.2 eV lower
than the absorbed one [50–52]. Importantly, the energy of
resonant absorption of the smaller dot is independent of ac-
tual occupation a charge state of the emitting QD [50, 53],
allowing for the latter dot to be occupied by multi-excitonic
complexes similarly to the case of non-resonant above-the-
barrier excitation. Nevertheless, the microscopic mechanisms
responsible for creation of excitons in the QD in the two exci-
tation regimes are qualitatively different. In fact, under non-
resonant excitation the QD is occupied in a process of single-
carrier trapping [54, 55], while in the quasi-resonant regime
the whole excitons are injected to the QD [50]. Moreover, the
quasi-resonant excitation is also shown to conserve the exci-
ton spin orientation to a large degree of up to 70% [50], al-
lowing for efficient orientation of the Mn2+ spin. In such an
experiment, the absorbing dot is Mn-free, while the emitting
dot contains a single Mn2+ spin. The polarization-resolved
PL measurements of this system revealed the occupation of
all the six Mn2+ spin levels to change upon excitation with
circularly-polarized light, reaching the steady state charac-
terized by a finite Mn2+ spin polarization with 〈Sz〉 > 0
(〈Sz〉 < 0) for σ− (σ+) polarized excitation [27].
From the theoretical side, only the process of the Mn2+
spin orientation in the strictly resonant regime was quantita-
tively understood. In particular, it was shown that this orien-
tation is due to the relaxation of the hole spin, which leads to
the formation of a dark exciton in Mn-dopedQD [56, 57]. The
key assumption making this orientation mechanism feasible is
the possibility of undisturbed radiative recombination of the
mostly dark state occurring with the change of the ion spin.
However, this assumption is not valid under quasi-resonant
excitation. More specifically, here the rate with which the ex-
citons are injected to the emitting Mn-doped QD is indepen-
dent of the actual occupancy of this dot, thus being governed
solely by the excitation power. As a result, if the dark exci-
ton resides in Mn-doped QD, it will not recombine radiatively
even for relatively low excitation powers. Instead, the second
exciton will be injected leading to the formation of a biexci-
ton [52]. Thus, the observed efficient optical orientation of
single Mn2+ spins in quasi-resonant experiments with cou-
pled dots needs to be explained.
Here we provide a detailed theoretical treatment of the pos-
sible processes leading to optical orientation of the Mn2+
spin driven by the quasi-resonant excitation process described
above. We start from a minimal set of assumptions about
exciton transfer from the light-absorbing dot into the orbital
ground state of the light-emitting one, and consider various
theoretically possible mechanisms leading to optical orienta-
tion of the Mn2+ spin. We discuss the character of the orien-
tation that occurs both in the absence, and in the presence of
carrier spin relaxation of the excitons. Crucially, we take into
account the creation of biexcitons in the Mn-containing dot.
The analysis of many increasingly complexmodels leads us to
the main conclusion, that in order to describe the experimen-
tal results from [27], one has to take into account processes of
3carrier-Mn2+ spin-flip that occur during the relaxation of car-
riers towards the orbital ground state of the light-emitting QD.
The mechanism that we propose leads to good agreement with
observations, and it is analogous to the well-studied process of
negative optical orientation of a negatively charged trion in a
nonmagnetic QD [50, 58, 59].
The rest of the paper is organized as follows. The Hamilto-
nian of the system as well as the general assumptions behind
the employed rate-equation model are described in Sec. II. In
Sec. III we discuss possible mechanisms leading to the Mn2+
spin orientation without any spin relaxation in the system. In
particular, we demonstrate both the dynamics and direction
of this orientation to be sensitively dependent on the QD pa-
rameters, e.g., the values of the s, p-d exchange integrals. In
Sec. IV we include in the model the possibility of the hole spin
relaxation taking place during the exciton transfer between the
coupled QDs, showing that in this case the spin orientation
is faster, and its direction becomes independent of the model
parameters. The comparison of the characteristics of the pre-
dicted orientation process with the ones known from the ex-
periment [27] is provided in Sec. V. Based on this comparison
we come to the conclusion that a correct explanation of the
experiment requires including additional orientation mecha-
nisms in the model, which would allow the Mn2+ spin to be
flipped during the exciton transfer between the dots. We show
that a possible candidate for such a mechanism is the flip-flop
of the electron and Mn2+ spins occurring during the forma-
tion of a biexciton out of two excitons having parallel electron
spins. We demonstrate that incorporation of such a mecha-
nism in the model allows to quantitatively reproduce the ex-
perimental results from Ref. 27.
II. THE MODEL
We consider the system of two laterally coupled CdTe QDs,
one of them containing a single Mn2+ ion. Laser light reso-
nantly creates the excitons in the orbital ground state of the
higher-energy Mn-free QD. The photo-created excitons tun-
nel out from this dot, and then undergo relaxation processes
(energy relaxation and possibly spin relaxation) towards the
orbital ground state in the lower-energy Mn-doped QD, from
which the excitons recombine radiatively. Previous time- and
polarization-resolved experimental studies of such QD pairs
revealed that the tunneling time from the absorbing dot is of
the order of a few ps [34, 50, 52], thus beingmuch shorter than
the radiative lifetimes of different bright excitonic complexes
confined in the emittingMn-dopedQD (which are of the order
of a few hundreds of ps [52]). This allows us to assume that
the rate of exciton injection to the emitting QD is independent
of its actual occupancy and governed only by the excitation
power. The second important experimental observation re-
garding the above-described quasi-resonant excitation is that
the charge-state fluctuations of the emitting QD aremuch rarer
than the events of an exciton injection [50]. Thus, we will ne-
glect these fluctuations in further analysis and focus solely on
the neutral charge state of the Mn-doped QD. More specifi-
cally, we will consider both the states of the Mn2+ ion in the
empty QD and the states of X-Mn2+ system. Importantly,
for the complete description of the system it is also neces-
sary to take into account the biexciton (2X) states. This is
due to efficient formation mechanism of this excitonic com-
plex from a long-lived dark exciton residing in the emitting
QD, which was experimentally demonstrated to be responsi-
ble for significant 2X PL intensity of the emitting QD in the
low-excitation-power regime [52]. Naturally, for larger ex-
citation intensities one should also consider higher excitonic
states (e.g., the triexciton), however, here we neglect them and
focus on the excitation powers remaining below the saturation
of the X and 2X transitions.
A. Hamiltonian of the QD with a single Mn2+ ion
Let us first consider the Hamiltonian HX of the exciton
coupled to a single Mn2+ ion in a QD. It is a sum of two
termsHsp−d andHe−h corresponding to s, p-d and electron-
hole exchange interactions, respectively. In the description of
both terms we use an effective model of an exciton living in a
four-dimensional space spanned by spinful lowest-energy or-
bitals for an electron and a hole confined in a QD. The most
important correction due to the presence of other orbitals is
the existence of heavy-light hole mixing [24, 47], and we take
it into account by working with effective “heavy hole” states
| ⇑〉 = |3/2〉+√3ǫ|−1/2〉 and | ⇓〉 = |−3/2〉+√3ǫ†|1/2〉, in
which the complex parameter
√
3ǫ characterizes both strength
and direction of the hh-lh mixing. Under this assumption the
HamiltonianHsp−d can be written as [21, 36, 37, 56]
Hsp−d =−Ae
[
Szsz +
1
2
(S+s− + S−s+)
]
(1)
+Ah
(
Szjz + ǫS+j− + ǫ
†S−j+
)
,
where ~S is the Mn2+ spin operator (S = 5/2), ~s is the elec-
tron spin operator (s = 1/2), and ~j is the operator of an effec-
tive spin-1/2 acting in a two-dimensional space of effective
hh states (with 〈⇑ |jz| ⇑〉 = 1/2 and 〈⇓ |jz| ⇓〉 = −1/2).
Parameters Ae and Ah are the effective exchange integrals of
the Mn2+ spin with the electron and the hole spin, respec-
tively (note that the sign convention above is such that both
of them are positive). In the simplest case of equal densities
of the electron and hole wave functions at the Mn2+ site in
the QD, the ratio of these integrals Ah/Ae should be equal
to |β/α| ≈ 4, where N0α and N0β are the bulk (Cd,Mn)Te
s, p-d exchange constants [6]. However, in the experiments
on Mn-doped CdTe QDs the invoked ratio is typically slightly
larger [21, 36], thus in the following we will takeAh/Ae ≈ 5.
The second interaction defining the energy structure of the
excitonic states is the electron-hole exchange, which can be
described by the following Hamiltonian [60]
He−h = −2δ0szjz + δ1
2
(s+j− + s−j+) , (2)
where δ0 is the isotropic exchange splitting between two
bright states |⇑↓〉, |⇓↑〉 and two dark states |⇑↑〉, |⇓↓〉 (with ↑,
↓ representing the +1/2, −1/2 electron spin projections). In
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FIG. 1. Energy levels of the X-Mn2+ system calculated based on
numerical diagonalization of HX Hamiltonian with an example set
of parameters: Ah = 0.6 meV, Ae = 0.12 meV, ǫ = 0.1,
δ0 = 1.0 meV, δ1 = 0.1 meV. The states |ψ
X
Jz ,Sz 〉 are displayed
as function of their (relative) energy and dominant ion spin projec-
tion Sz . The color denotes the dominant exciton spin projection Jz
(as indicated).
the following, we will label these states according to the pro-
jection of their total angular momentum as |Jz = ±1〉 for the
bright states and |Jz = ±2〉 for the dark states (thus neglect-
ing a small corrections due to the hh-lh mixing). The second
term in the HamiltonianHe−h corresponds to the anisotropic
part δ1 of the electron-hole exchange, which couples the two
spin states of the bright excitons. In general, similar coupling
arises also between the two dark X states [61, 62], however we
will neglect it in further considerations owing to its negligible
strength δ2 ∼ µeV.
An example energy spectrum of theHX = Hsp−d +He−h
Hamiltonian is displayed in Fig. 1. Its structure is mainly
determined by three spin-conserving (Ising) terms AhSzjz ,
−AeSzsz and −2δ0szjz . They shift the energies of |Jz, Sz〉
excitonic states depending both on Jz and Sz leading to 12
doubly degenerate energy levels, half of which are bright,
while the other half are dark. Within each of these subspaces,
the energy levels are equally spaced with the splitting between
the neighbouring states |Jz , Sz〉 and |Jz, Sz + 1〉 being equal
to (Ah+Ae)/2 or (Ah−Ae)/2 for the bright or dark states, re-
spectively. Moreover, the dark states are shifted towards lower
energies by δ0-term of the electron-hole exchange. Some ad-
ditional irregularities in spacing of the energy levels (visible in
Fig. 1) are due to the spin-flip terms of the HX Hamiltonian.
First, the anisotropic part of electron-hole exchange mixes the
bright states |±1, Sz〉 associated with the same projection of
the Mn2+ spin, leading to partial linear polarization of the ex-
citonic transitions [63]. Second, the off-diagonal terms of the
s, p-d exchange interaction couple the bright and dark states
with the Mn2+ spin projection different by 1 [21, 24, 63].
This effect is of special importance, since it transfers non-
negligible oscillator strength to the dark states allowing for
their radiative recombination, which is accompanied by si-
multaneous flip of the Mn2+ spin [29]. Nevertheless, the re-
sulting recombination rates of the dark states are typically rel-
atively low, since the amplitude of the spin-flip terms in HX
is smaller as compared to the amplitude of the Ising terms
(especially the isotropic electron-hole exchange and AhSzjz
term of the hole-ion exchange). As such, in most of the cases
the eigenstates of the HX Hamiltonian exhibit either mostly
bright or mostly dark character. More specifically, each of
these eigenstates is dominated by a single spin state, which
allows us to label the eigenstates as |ψXJz,Sz〉, where |Jz , Sz〉
corresponds to the dominant admixture to |ψXJz ,Sz〉.
For the full description of the system we also need the
Hamiltonian of a biexciton interacting with the Mn2+ ion, and
the Hamiltonian of the Mn2+ spin in an empty QD. These two
groups of states have a similar nature, since the 2X is a spin-
singlet and thus it is not affected by any exchange interaction.
As a result, both the six spin states of the Mn2+ ion and the six
states of the 2X-Mn2+ system are almost degenerate. How-
ever, for our considerations it is crucial to note the existence of
a small splitting between the states among each group, which
in the leading order is given by an effective Hamiltonian of
DS2z with D < 0. In the case of the Mn
2+ ion in the empty
dot, this term is related to a residual interaction between the
ion and a strained semiconductor lattice [26, 34], while for the
2X it is due to a perturbation of the hole wave function by the
hole-Mn2+ exchange interaction [22, 31, 32]. In both cases
the value of |D| is of the order of 10 µeV [26, 34, 36, 64],
thus being much smaller than any other exchange constant rel-
evant for the X-M2+ system. As such, we will neglect the re-
sulting splitting of the Mn2+ and 2X-Mn2+ eigenstates in the
further analysis. Nevertheless, even small DS2z term ensures
that these eigenstates can be labeled by Sz projections of the
Mn2+ spin onto the QD growth axis z as |∅, Sz〉 for the Mn2+
and |2X, Sz〉 for the 2X-Mn2+ system (here we neglected the
hyperfine coupling between the Mn2+ electronic and nuclear
spins, which is much smaller even compared to DS2z term).
B. Modeling of the time-evolution of the system
The spin dynamics of the Mn2+ ion in a quasi-resonantly
excited QD is described in terms of the 36 states of the above-
discussed Hamiltonians: 6 states |∅, Sz〉 of the empty dot, 24
eigenstates |ψXJz,Sz〉 of the HX Hamiltonian, and 6 biexci-
ton states |2X, Sz〉. In all the calculations we will assume
that the time-evolution of carriers, their spins, and the Mn2+
spin, is incoherent – the state of the whole system is going to
be described simply by time-dependent probabilities p(|ϕ〉, t)
of finding it in one of the aforementioned eigenstates |ϕ〉.
Furthermore, the dynamics will be described by rate equa-
tions, with transition rates (due to interaction with photons
and phonons) given by Fermi Golden Rule expressions. We
thus exclude (rather special) cases in which the characteris-
tic timescale for transitions from one state to two (or more)
states is shorter than the inverse of energy bandwidth of the
final states, leading to possibility of spontaneous generation
of coherence.
5III. MN2+ SPIN ORIENTATION DUE TO APPEARANCE
OF SPIN-POLARIZED BRIGHT EXCITONS IN THE DOT
First we consider the simplest model in which we assume
that the state of exciton created in the light absorbing dot does
not undergo any change (spin relaxation) during the transfer
between the dots, and during its energy relaxation towards
the lowest-energy radiative state in the Mn-containing dot.
Spin relaxation of carriers and Mn2+ due to their coupling
to phonons is also excluded. In this case, when the absorbing
dot is excited with σ± polarized light, the excitons that enter
the light-emitting dot have Jz equal to ±1.
Focusing on σ− excitation, for example, we have the fol-
lowing possible transitions to consider in the rate equations:
• exciton creation — γ(|∅, Sz〉 → |ψXi 〉) =
γexc|〈ψXi |P†−1|∅, Sz〉|2,
• biexciton creation — γ(|ψXi 〉 → |2X, Sz〉) =
γexc
∑
Jz
|〈2X, Sz|P†Jz |ψXi 〉|2,
• exciton recombination — γ(|ψXi 〉 σ
±
−−→ |∅, Sz〉) =
γXrec|〈∅, Sz|P±1|ψXi 〉|2 for emission of σ± polarized
light,
• biexciton recombination — γ(|2X, Sz〉 σ
±
−−→ |ψXi 〉) =
1
2
γ2Xrec|〈ψXi |P±1|2X, Sz〉|2 for emission of σ± polarized
light,
where PJz |2X, Sz〉 = |−Jz, Sz〉, γ(|ϕ1〉 → |ϕ2〉) is the rate
of transition between |ϕ1〉 state to |ϕ2〉 state, γexc is the rate
with which the excitons are captured in the orbital ground
state of the light-emitting dot (note that this quantity is di-
rectly proportional to the power of light exciting the absorb-
ing dot), and γXrec and γ
2X
rec are the inverse lifetimes of bright
exciton and biexciton, respectively. For the former one we as-
sume that the intrinsic radiative lifetime of dark exciton that
is controlled by hh-lh mixing in CdTe QDs [65] is very long,
and the recombination of mostly dark states considered here
is due Mn-induced mixing of dark and bright X states. For
excitation power much smaller than the one corresponding to
saturation, we have γexc ≪ γXrec < γ2Xrec.
Each state |ϕ〉 in the model is assigned with its time-
dependent occupation probability p(|ϕ〉, t). The temporal
evolution of these probabilities is computed numerically un-
der an assumption that initially (i.e., at t = 0) the light-
emitting QD is empty, and that the Mn2+ spin projection is
random (i.e., p(|∅, Sz〉, 0) = 1/6 for any possible Sz). The
change of the ion spin orientation induced by the injection of
spin-polarized excitons to the QD is then quantitatively de-
scribed by probabilities pSz(t) of finding the ion in a given
spin state Sz . These probabilities are obtained by tracing out
over the excitonic part of the total wave function:
pSz(t) = p(|∅, Sz〉, t) (3)
+
∑
i
p(|ψXi 〉, t)
∑
Jz
|〈∅, Sz|PJz |ψXi 〉|2
+ p(|2X, Sz〉, t).
Finally, we also introduce the time-dependent mean spin of
the Mn2+ ion 〈Sz〉(t) =
∑5/2
Sz=−5/2
pSz(t)Sz . We note here
that this quantity does not necessarily correspond to the ion
mean spin being typically = obtained in the experiment based
on weighted average of the PL intensities of six different emis-
sion lines originating from the bright X recombination in Mn-
doped QD [27, 43].
Within this model the orientation of Mn2+ occurs due to
exchange-induced mixing of bright and dark X states corre-
sponding to distinct Sz projections of the Mn
2+ spin [29].
Such mixing is caused by flip-flop parts of exchange inter-
action. These are always present for the isotropic e-Mn2+
exchange, but for h-Mn2+ exchange the mixing of hh and lh
states, leading to finite ǫ in Eq. (2), is necessary for their exis-
tence. These two interactions, when treated separately, lead to
Mn2+ orientation dynamics of qualitatively distinct character.
Below we first consider them one-by-one, and then we give
results for the realistic case in which both are contributing to
the dynamics.
A. Orientation due to electron-Mn2+ exchange interaction
only
With ǫ = 0 in HX Hamiltonian only the electron spin can
flip-flop with the Mn2+ spin. In such a case the above model
leads to the orientation of Mn2+ spin towards the ±5/2 state
when excitons of Jz = ∓1 are created in the Mn-containing
dot. Time dependencies of the average Mn2+ spin 〈Sz〉 and
Mn2+ spin level occupations pSz for σ
− excitation are shown
in Fig. 2(a) and 2(b), while the steady-state PL spectra of the
neutral exciton (due to polarized or unpolarized excitations)
are shown in Figs. 2(c)-2(e).
The physical mechanism of Mn2+ spin orientation can be
understood most easily by looking at a subset of states and
at transitions between them shown in Fig. 2(f). We assume
that initially there is no exciton in the light-emitting dot, and
that the magnetic ion has spin projection Sz < 5/2. Under
σ− excitation the exciton with Jz = −1 appears with the
largest probability in mostly bright state |ψX−1,Sz〉 (the sub-
script denotes the pure spin state corresponding to a domi-
nant admixture in the considered eigenstate, see Sec. II A).
In this case the exciton subsequently undergoes radiative re-
combination, the system returns to |∅, Sz〉, and the ion spin
remains unchanged. However, there is a nonzero probability
that the incoming Jz = −1 exciton falls into the mostly dark
state |ψX−2,Sz+1〉, which contains an admixture of | − 1, Sz〉
due to AeS+σ−/2 flip-flop part of the e-Mn
2+ exchange in-
teraction. The probability corresponding to this admixture is
F−2,−1,Sz ≡|〈−1, Sz|ψX−2,Sz+1〉|2. The radiative recombina-
tion of this exciton is thus possible, but its rate γXrecF−2,−1,Sz
is typically (i.e. for typical excitation power) much smaller
than the rate γexc of addition of a second exciton to the dot,
i.e. of |2X, Sz + 1〉 biexciton creation. Subsequent cascaded
recombination of this complex leaves the system in |∅, Sz+1〉
state, leading to change of ion spin by 1. The rate of this pro-
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FIG. 3. (a) The characteristic orientation times of the Mn2+ spin
plotted as a function of the inverse (relative) excitation power 1/γexc
of circularly-polarized optical excitation. Both presented times were
determined from the exponential fit of numerically-calculated depen-
dencies of 〈Sz〉(t) (circles) and p−5/2(t) (squares) (the calculations
were carried out for the QD parameters listed in the caption of Fig. 2).
The solid line represents the characteristic time of the Mn2+ spin-flip
from Sz = −5/2 to Sz = −3/2, obtained from the simplified ana-
lytical formula given by Eq. (4).
cess can be approximately written as
γe(Sz
σ−−−→ Sz + 1) ≃ γexcF−2,−1,Sz
γexc
γexc + γXrecF−2,−1,Sz
.
(4)
In the simple model considered now there are no comparably
effective processes leading to opposite direction of Mn2+ spin
orientation (i.e. γe(Sz + 1
σ−−−→ Sz) ≃ 0), so that the above
formula gives the rate for optical orientation of Mn2+ spin.
Note that for excitation power fulfilling γexc ≫
γXrecF−2,−1,Sz (which is easily fulfilled while keeping the
power below the saturatiom value), the orientation rate is ap-
proximately equal to γexcF−2,−1,Sz , i.e., to the probability of
creation of the first exciton in the mostly dark state. The ori-
entation rate in this regime is thus linearly proportional to the
excitation power.
The above analytical quantitative result is corroborated by
numerical simulation of the dynamics of the whole system.
In Figs. 2(a) and 2(b) we show the time dependencies of
〈Sz〉(t) and pSz(t). Both of them can be fit with an exponen-
tial function parametrized by an orientation time. The excita-
tion power dependencies of these times are shown in Fig. 3,
where we also show the agreement between the fitted orien-
tation time for p−5/2(t) and the time obtained by considering
only the −5/2 to −3/2 transition with the rate from Eq. (4).
We note also that for lower excitation powers (i.e., larger val-
ues of 1/γexc) this time becomes clearly shorter than the ori-
entation time determined based on the time dependence of the
ion mean spin 〈Sz〉(t). This effect can be qualitatively under-
stood by taking into account that, in contrast to p−5/2(t), the
change of 〈Sz〉 involves depletion and filling of subsequent
Mn2+ spin states, thus being a slower process as compared to
depletion of Sz = −5/2 state. This is also the reason for the
difference in the range in which both studied orientation times
exhibit linear excitation power dependence (see Fig. 3).
Finally, let us turn our attention to the predicted shape of PL
7signal for unpolarized excitation shown in Fig. 2(e). The mean
value of the Mn2+ ions spin is of course zero then, but the
intensities of lines corresponding to distinct values of |Sz| are
unequal, and the strongest lines in the spectrum correspond
to |Sz| = 5/2. Such an obviously non-equilibrium pattern
of pSz occupations is caused by dependence of rates of the
electron-induced Mn2+ spin-flip on the initial state of the ion
spin. For σ+ excitation the flip rate at high excitation power
is γe(Sz + 1
σ+−−→ Sz) ≃ γexcF2,1,Sz+1, where F2,1,Sz+1 =
|〈+1, Sz +1|ψX+2,Sz〉|2. On the other hand, for σ− excitation,
the γe(Sz
σ−−−→ Sz+1) is determined byF−2,−1,Sz coefficient.
In the lowest order of perturbation theory, while neglecting δ1
splitting, we have
F−2,−1,Sz =
∣∣∣∣∣Ae
√
S(S + 1)− Sz(Sz + 1)
2δ0 +Ah −Ae(2Sz + 1)
∣∣∣∣∣
2
, (5)
F2,1,Sz+1 =
∣∣∣∣∣Ae
√
S(S + 1)− Sz(Sz + 1)
2δ0 +Ah +Ae(2Sz + 1)
∣∣∣∣∣
2
,
where S = 5/2 for Mn2+. The resulting ratio of the transition
probabilities is then given (at large γexc) by
γe(Sz
σ−−−→ Sz + 1)
γe(Sz + 1
σ+−−→ Sz)
≈
≈ F−2,−1,Sz
F2,1,Sz+1
=
(
2δ0 +Ah +Ae(2Sz + 1)
2δ0 +Ah −Ae(2Sz + 1)
)2
. (6)
This ratio is larger (smaller) than 1 for Sz > 0 (Sz < 0). Con-
sequently, during the excitation with unpolarized light, when
excitons with random spin Jz = ±1 are created, the two pro-
cesses of driving the Mn2+ spin to Sz = ±5/2 state are co-
existing, and the net result is a characteristic spectrum shape
from Fig. 2(e).
B. Orientation due to hole-Mn2+ exchange interaction only
Let us neglect now the electron-Mn2+ exchange, but as-
sume finite hh-lh mixing leading to possibility of hole-Mn2+
flip-flop. A mechanism analogous to the one described above
for electron-Mn2+ flip-flop lead then to optical orientation of
Mn2+. However, due to the fact that the spins of the electron
and the hole forming the bright exciton are antiparallel, the
direction of the resulting orientation has an opposite direction
to the one obtained before: creation of Jz = ±1 excitons in-
creases the occupation of Sz = ±5/2 levels. In Fig. 4(a) we
show the scheme of transitions leading to the Mn2+ spin ori-
entation. The mechanism is the same as before. For example,
if we start from occupied Sz > −5/2 state, Jz = −1 exciton
created by σ− light can, upon entering the emitting dot, find
itself in a mostly dark |ψX2,Sz−1〉 state with rate γexcF2,−1,Sz
(where F2,−1,Sz = |〈−1, Sz|ψX2,Sz−1〉|2). Subsequent cre-
ation of biexciton and its two-step recombination leads to di-
minishing of Mn2+ spin by 1. The rate for the latter process
is given by a formula analogous to the one from Eq. (4):
γh(Sz
σ−−−→ Sz − 1) ≃ γexcF2,−1,Sz
γexc
γexc + γXrecF2,−1,Sz
.
(7)
It is important to note that in this case the F±2,∓1,Sz param-
eters that determine the orientation dynamics, exhibit much
larger variation as a function of Sz than the F±2,±1,Sz coef-
ficients that were determining the electron-related dynamics.
This is caused by the fact that the hole-Mn2+ exchangeAh is
significant compared to all the other energies relevant for the
complex of Mn2+ and the exciton in its orbital ground state.
F2,−1,Sz describes mixing between bright and dark states dif-
fering by the hole spin flip, and the energy differences be-
tween these states show much larger variation than the energy
differences betweenX states differing by the electron spin flip.
In the lowest order of perturbation theory, neglecting again the
small corrections due to δ1, we have
F±2,∓1,Sz =
∣∣∣∣∣2Ahǫ
√
S(S + 1)− Sz(Sz ∓ 1)
2δ0 ∓Ah(2Sz ∓ 1)−Ae
∣∣∣∣∣
2
. (8)
For the typical values of Ah≈δ0≈1 meV, the denominator of
this expression can be either rather small (a fraction of a meV)
for Sz close to 5/2, while for Sz = −5/2 its value can reach
a few meV.
The visibly different character of pSz(t) time dependence
for various Sz , shown in Figs. 4(f) and 4(g) for σ− excitation,
is the first consequence of the above observation. While in
Fig. fig1(b) the populations undergoing depletion were all de-
caying on the same timescale, in Figs. 4(f) and 4(g) we see
that now the occupations of Sz > 0 levels decay much faster
than the others.
A characteristic PL spectrum shape predicted for unpo-
larized excitation is shown in Fig. 4(d). As in the previ-
ous Section we see unequal intensities of lines correspond-
ing to distinct |Sz|, but the intensity ratios are much higher,
and the pattern is completely different: now, instead of six
peaks commonly used for identification of a QD containing
a single Mn2+ spin, we see only two peaks corresponding to
Sz = ±1/2. This can be explained in a way analogous to the
one presented in the previous Section. Let us just reproduce
the result for the ratio of transition rates:
γh(Sz
σ−−−→ Sz − 1)
γh(Sz − 1 σ
+−−→ Sz)
≈
≈ F2,−1,Sz
F−2,1,Sz−1
=
(
2δ0 + Ah(2Sz − 1)−Ae
2δ0 − Ah(2Sz − 1)−Ae
)2
, (9)
which gives, for typical parameters, the values larger (smaller)
than 1 for Sz > 0 (Sz < 0). Significant range of values of
F2,−1,Sz/F−2,1,Sz−1 ratios for various Sz , resulting in large
differences of the intensities between the lines in the spectrum,
is the second consequence of strong sensitivity of F±2,∓1,Sz
to the Sz value.
Finally, let us notice an interesting behavior that occurs as
we increase the excitation intensity from γexc = (4 ns)
−1 to
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FIG. 4. (a) The scheme illustrating the mechanism responsible for the Mn2+ spin orientation under σ−-polarized excitation in the presence
of non-zero hh-lh mixing ǫ 6= 0, but for Ae = 0. Bolded arrows indicate the sequence of transitions between the states that leads to decrease
of the Mn2+ spin projection Sz by 1. Dashed arrows (as well as the part of states plotted inside the dashed rectangle) exemplify the process
that may increase Sz by 1 for sufficiently large excitation powers. (b-e) Steady-state X PL spectra computed for: (b),(c) circularly-polarized
excitation, (d),(e) unpolarized excitation. All spectra correspond to σ− polarization of detection. The spectra in (b) and (d) were calculated for
1/γexc = 4 ns, while the spectra in (c) and (e) for 1/γexc = 2 ns. (f), (g) Time dependencies of pSz determined for these excitation powers
for the following QD parameters: Ah = 0.8 meV, ǫ = 0.1, Ae = 0, δ0 = 1.0 meV, δ1 = 0, 1/γ
X
rec = 400 ps, and 1/γ
2X
rec = 250 ps.
γexc = (2 ns)
−1, compare the left and right panels of Fig. 4.
Interestingly, for larger power the Mn2+ spin level most oc-
cupied in steady state is Sz = −3/2, not −5/2. This can also
be explained by strong Sz dependence of bright-dark state
mixing. If a biexciton in |2X, Sz〉 state gets created (which
is an event which occurs more often at larger power), it re-
combines into a mostly bright |ψX±1,Sz〉 state with γ2Xrec/2 rate
and into a mostly dark |ψX±2,Sz∓1〉 state with γ2XrecF±2,∓1,Sz/2
rate. The latter is much smaller than the former, but for param-
eters used in 4 we have F−2,1,−3/2 mixing coefficient more
than 200 times larger than F2,−1,−3/2 due to small energy dif-
ference between |ψX
1,−3/2〉 and |ψX−2,−1/2〉 states. As a conse-
quence, the recombination of the biexciton from |2X,−3/2〉
to |ψX
−2,−1/2〉 is an effective channel of Mn2+ flipping from
−3/2 do −1/2 state. This is schematically shown in 4(a).
Note, however, that the presence of this effect depends sensi-
tively on the dot parameters.
C. Orientation due to both electron- and hole-Mn2+ exchange
Since e-Mn2+ and h-Mn2+ interactions lead to Mn2+ spin
orientation in opposite directions, the steady state occupations
of Sz levels in the realistic case of coexistence of the two in-
teractions will depend on their relative strength. In fact, us-
ing various sets of experimentally determined parameters of
CdTe/ZnTe QDs, orientation in either direction (i.e. towards
dominant Sz = ±5/2 population) can be theoretically ob-
tained. In Fig. 5 we show results for parameters used previ-
ously in Fig. 2, only with nonzero value of valence subband
mixing (ǫ = 0.1). The orientation due to h-Mn2+ exchange is
then dominant, but the presence of e-Mn2+ interaction leads
to finite population of Sz > 0 states under σ
− illumination
(cf. Fig. 4), and the intensities of PL lines under linear po-
larization excitation in Fig. 5(c) are less inhomogeneous than
in Fig. 4(d). The power dependence of Mn2+ spin dynamics
shown in Fig. 5(e) is very similar to the one obtained in ǫ=0
case, cf. Fig. 3(a). This follows from identical dependence
of γe and γh on γexc, see Eqs. (4) and (7). For any choice
of model parameters the characteristic timescale of change
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FIG. 5. (a) Time dependencies of pSz due to σ
−-polarized exci-
tation computed numerically for 1/γexc = 4 ns, Ah = 0.8 meV,
Ae = 0.16 meV, ǫ = 0.1, δ0 = 1.0 meV, δ1 = 0, 1/γ
X
rec = 400 ps,
1/γ2Xrec = 250 ps. (b), (c) Steady-state X PL spectra under σ
−-
polarized and unpolarized excitation. (d) Time dependencies of 〈Sz〉
computed for the same set of QD parameters and various intensities
of σ−-polarized excitation. (e) The orientation time determined by
fitting 〈Sz〉(t) with an exponential function versus the inverse (rela-
tive) excitation power 1/γexc .
of Sz occupation is τorient ∝ τexc(1 + τexc/τdark), where
τexc = 1/γexc and τdark is an effective lifetime of mostly dark
states corresponding to given Sz .
IV. INFLUENCE OF EXCITON SPIN RELAXATION ON
THEMN2+ ORIENTATION
Let us include now the exciton spin relaxation (occurring
without the change of Mn2+ spin) in the model. Such a relax-
ation can occur due to exciton-phonon scattering with the help
of either spin-orbit coupling [1, 66, 67] or the electron-hole
exchange interaction [68, 69] allowing for the carrier spin-flip.
Spin relaxation of the exciton in the orbital ground states
of the QD with the Mn2+ spin was invoked to explain exper-
iments on Mn2+ spin orientation caused by resonant excita-
tion of one of X-Mn2+ transitions [56, 57]. The relaxation of
the hole spin leads to a transition from bright |Jz = ±1, Sz〉
state created by σ± excitation, to mostly dark |Jz = ∓2, Sz〉
state. This state is “brightened” by theMn2+-carrier exchange
interactions, which mix it with the bright states having the
dominant component of Sz ∓ 1. Recombination of the dark
state leads then to the orientation of the Mn2+ spin towards
Sz = ∓5/2, in agreement with the experiments [26, 28].
The above-described simple mechanism requires a finite
rate of the spin relaxation of a hole contained in an exciton.
This rate is not exactly known for CdTe/ZnTe QDs, but it can
be estimated, e.g., from polarization-resolved measurements
of the trion PL [70]. The latter show that the hole relaxation
time is of the order of ten ns. This gives a rough estimate of
hole relaxation time τh between X levels split by exchange in-
teraction with Mn2+ and by electron-hole exchange. A crucial
thing to note is that while for resonant excitation the Mn2+
orientation time is comparable to this τh, in the quasi-resonant
case of interest here the Mn2+ orientation rate is much lower
than the hole relaxation rate. The reason is simple: under
resonant excitation, once a dark state is created by hole spin
relaxation, the system stays in this state (as the exciting light
becomes nonresonant) until the event of radiative recombina-
tion leading to Mn2+ spin change. In the quasi-resonant case
the introduction of the second exciton to the Mn-containing
dot, leading to creation of biexciton, preempts the radiative
recombination of the mostly dark state. The subsequent re-
combination of the biexciton leaves the average Mn2+ spin
state unchanged.
Spin relaxation of exciton in the orbital ground state of Mn-
containing dot is thus not expected to contribute to the Mn2+
spin orientation occurring on timescales of <∼ 100 ns. What
remains to be considered is the influence of X spin relaxation
during their transfer from the excited state to the radiatively
active orbital ground state. Measurements show that this re-
laxation is significant: in the case of excitation of the double-
dot system about 40% of bright excitons created resonantly in
the Mn-free QD finish up in the Mn-containing dot as mostly
dark ones [52]. Furthermore, it was proven in the same work
that it is the hole spin that becomes almost random during the
energy relaxation of the exciton, while the electron spin re-
mains conserved to much larger degree.
In order to take this relaxation into account we modify the
model by adding for σ± excitation:
• creation of dark exciton with a flipped hole spin —
γ(|∅, Sz〉 → |ψXi 〉) = pfγexc|〈ψXi |P†∓2|∅, Sz〉|2,
• and diminished probability of bright exciton creation—
γ(|∅, Sz〉 → |ψXi 〉) = (1− pf )γexc|〈ψXi |P†±1|∅, Sz〉|2,
where pf hole spin-flip probability.
These deceptively minor modifications lead to a qualitative
change of the character of Mn2+ spin orientation. For large
pf ∼ 40% the direction of orientation is always in agreement
with observations from [27], independent of the QD parame-
ters. Furthermore, the characteristic orientation timescale be-
comes about an order of magnitude shorter than in the pre-
viously discussed models. This can be seen in Figs. 6(a),(b)
containing results for parameters the same as for Fig. 5, only
with pf = 40% assumed.
These strong effects can be understood with the help of
Fig. 6(f), in which a scheme of relevant transitions is shown.
Let us assume initial Mn2+ spin projection Sz < 5/2 and
consider dark Jz = +2 exciton (created by σ
− light absorp-
tion and subsequent hole spin relaxation) entering the Mn-
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FIG. 6. (a), (b) Numerically computed time dependencies of 〈Sz〉 and pSz for σ
−-polarized excitation under an assumption that the probability
of the hole spin-flip during the inter-dot transfer is equal to pf = 40%. All other model parameters were taken to be the same as for the
simulation presented in Fig. 5, i.e., 1/γexc = 4 ns, Ah = 0.8 meV, Ae = 0.16 meV, ǫ = 0.1, δ0 = 1.0 meV, δ1 = 0, 1/γ
X
rec = 400 ps,
1/γ2Xrec = 250 ps. (c), (d) Steady state X PL spectra under circularly-polarized excitation for two different circular polarizations of detection:
σ−, σ+. (e) Steady-state X PL spectrum under unpolarized excitation (f) The scheme illustrating the mechanism responsible for the Mn2+
spin orientation due to injection of dark excitons (created by the absorption of a σ−-polarized photon and subsequent spin-flip of the hole).
Bolded arrows represent the sequence of inter-state transitions that leads to increase of the Mn2+ spin projection by 1. (g) Simplified diagram
of states (relevant for γexc ≪ γ
X
rec < γ
2X
rec), which allows to analytical determination of approximate rate of the Mn
2+.
containing QD (this happens with pfγexc rate). Two things
can happen then:
• with γXrecG2,Sz rate the exciton will recombine ra-
diatively, leaving the system in |∅, Sz + 1〉 state
with Mn2+ spin increased by 1 (with G2,Sz =
F2,1,Sz+1 + F2,−1,Sz+1 = |〈ψX+2,Sz |1, Sz + 1〉|2 +
|〈ψX+2,Sz |−1, Sz + 1〉|2 quantifying the mixing of
|ψX+2,Sz〉 state withthe bright states), or
• another exciton appears and a biexction is created. The
most probable state of the biexciton is |2X, Sz〉, the
recombination of which will leave the Mn2+ spin un-
changed. Due to a bright state admixture in |ψX+2,Sz〉 a
biexciton in |2X, Sz+1〉 can be created with γexcG2,Sz
rate, leading to Mn2+ spin increase by 1 after recombi-
nation.
Furthermore, incoming Jz = +2 exciton can find itself in
a bright final state |ψX±1,Sz+1〉 with rate pfγexcG2,Sz . The
subsequent recombination again leads to final |∅, Sz+1〉 state.
Out of these three sequences of transitions leading to Mn2+
spin orientation the most probable one is the dark exciton re-
combination. This is due to the basic assumption of γXrec ≫
γexc. Analytical derivation of the orientation rate is more in-
volved than in the previously discussed models. However, us-
ing the fact that the recombination of bright states is the fastest
considered process, we can simplify the transition scheme by
removing the quickly radiatively depleted states, as shown in
Fig. 6(g). Using this approximation it is possible to analyti-
cally calculate the time-dependence of occupations of |∅, Sz〉
and |ψX+2,Sz〉 states. These dynamics have multi-exponential
character, but we can define an effective timescale τd as the in-
verse of
∫∞
0
pSz(t)dt/P0 (where P0 is the initial occupation
of |∅, Sz〉 state). The rate of Sz σ
−
−−→ Sz + 1 transition can be
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parameters listed in the caption of 6. Solid lines represent the characteristic time of the Mn2+ spin-flip from Sz = −5/2 to Sz = −3/2 state,
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1/γexc known from the experiment. (b),(c) The dependence of the orientation time for (b) p−5/2(t) and (c) 〈Sz〉(t) on 1/γexc determined for
different strengths ǫ of the hh-lh mixing and various ratios of the ion-carrier exchange intergrals Ah/Ae for fixed Ah = 0.8 meV, pf = 20%,
δ0 = 1.0 meV, δ1 = 0, 1/γ
X
rec = 400 ps, and 1/γ
2X
rec = 250 ps.
then approximated by γd=1/τd given by
γd ≈ G2,Szγexc
pf
(
γXrec + 2γexc
)
(1 + pf )γexc +G2,Szγ
X
rec
. (10)
Since γXrec ≫ γexc, we have γd(Sz σ
−
−−→ Sz+1)≫ G2,Szγexc.
Comparing this result with Eqs. (4) and (7) for γe and γh we
see that indeed γd ≫ γe, γh. Finally, we can rewrite Eq. (10)
as
τorient(Sz
σ−−−→ Sz + 1) = 1
γd(Sz
σ−−−→ Sz + 1)
≈
≈ 1 + pf
pf
1
G2,Szγ
X
rec
+
1
pf
1
γexc
, (11)
This is an intuitive result: the characteristic Mn2+ spin orien-
tation time is a sum of time proportional to dark exciton life-
time, 1/G2,Szγ
X
rec, and 1/γexc time between subsequent exci-
ton capture events. τorient depends thus linearly∝ 1/γexc, but
the large power (large γexc) extrapolation is not towards zero,
but the dark exciton lifetime multiplied by 1 + 1/pf .
These approximate analytical results agree with numerical
simulations for pf = 40%, see Fig. 7(a). Note that the de-
pendence of the orientation time on 1/γexc disagrees with
τorient ∝ 1/γexc measured in [27]. This is because the ori-
entation time is limited at high powers by the dark exciton
lifetime. In Fig. 7(b,c) we can see that only of in a somewhat
unrealistic case of ǫ = 0.2 and Ah/Ae = 2.5 the dark X life-
time is short enough for τorient to be proportional to 1/γexc.
In these Figures we can also see that the slope of τorient(τexc)
dependence (in its linear regime) is independent of the QD
parameters.
In principle, the exciton can also change its total spin due
to the electron spin-flip taking place during the inter-dot trans-
fer. While there is little experimental data on the efficiency of
such process, we can theoretically consider its influence on
the Mn2+ spin orientation by introducing the pm ≥ 50% pa-
rameter denoting the fraction of excitons that enter the Mn-
containing dot with unflipped electron spin. Of course in the
presence of both hole and electron spin relaxation the connec-
tion between the degree of circular polarization of absorbed
light and the spin polarization of excitons coming into contact
with the Mn2+ spin is weakened, and the steady-state value
of Mn2+ spin polarization is expected to be lowered. It is less
obvious that the characteristic timescale of orientation is also
strongly affected — in fact lengthened — by presence of the
additional spin relaxation channel. This feature arises due to
presence of more than two Mn2+ spin levels (i.e. the fact that
S = 5/2), and it can be understood using a simple toy model,
see Appendix A. For the full model considered here we have
to resort to numerical simulations, the results of which are
shown in Fig. 8(a) for pf = 40% and pm = 65% (typically
observed [52]). Comparison of the result for ǫ=0.1 with the
one presented in Fig. 7(a) shows how pm < 100% increases
the orientation time.
Finally let us revisit the question of PL spectrum shape for
linearly polarized excitation. Two examples of the spectra for
pf = 40% are shown in Fig. 9: in Fig. 9(a) only e-Mn
2+ inter-
action leads to brightening on the dark excitons (since ǫ=0),
while in Fig. 9(b) only the h-Mn2+ interaction is relevant for
brightening (since Ae is put equal to zero). These cases cor-
respond to the ones described in Sections III A and IIIB, re-
spectively. Comparison with Figs. 2(e) and 4(d) shows that in
the currently discussed model the characters of the PL spec-
tra for the two cases have traded places with respect to pre-
viously shown results. The primary reason for this effect is a
difference in mixing of bright and dark excitonic states, which
leads to the orientation of the Mn2+ in both mechanisms. For
instance, let us consider the case of ǫ=0. If the spin projec-
tion of the Mn2+ ion is equal to Sz and the bright Jz = −1
12
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FIG. 8. (a) The orientation time of the Mn2+ spin (determined by fit-
ting the numerically-computed p
−5/2(t) with an exponential curve)
as a function of 1/γexc for σ
−-polarized excitation and the follow-
ing model parameters: pf = 40%, pm = 65%, Ah = 0.8 meV,
Ae = 0.16 meV, δ0 = 1.0 meV, δ1 = 0, 1/γ
X
rec = 400 ps, 1/γ
2X
rec =
250 ps, and various strengths of the hh-lh mixing. The solid straight
line represents the fit of a linear dependence τorient ∝ τexc to the
curve corresponding to ǫ = 0.1 in the range of large excitation pow-
ers (i.e., 1/γexc < 3.5 ns). (b),(c) Steady-state X PL spectra (b)
and the time dependencies of pSz (c) numerically computed for σ
−-
polarized excitation, pm = 65 %, ǫ = 0.1, and 1/γexc = 2 ns.
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FIG. 9. Steady-state X PL spectra due to unpolarized excitation com-
puted for pf = 40%, δ0 = 1.0 meV, δ1 = 0, 1/γ
X
rec = 400 ps,
1/γ2Xrec = 250 ps, and 1/γexc = 4 ns. The PL spectrum from the
panel (a) corresponds to the case of absence of hh-lh mixing (i.e.,
Ah = 0.8 meV, Ae = 0.16 meV, ǫ = 0), while the spectrum from
the panel (b) corresponds to the absence of electron-Mn2+ exchange
interaction (i.e., Ah = 0.8 meV, Ae = 0, ǫ = 0.1).
exciton is injected to the QD, the Mn2+ spin is oriented ow-
ing to the mixing between the bright |Jz = −1, Sz〉 state and
the dark |Jz = −2, Sz + 1〉 state, the amplitude of which is
equal to F−2,−1,Sz . On the other hand, if the hole flips its
spin during the inter-dot transfer, and the exciton is thus in-
jected as a dark one with Jz = +2 (under σ
−-polarized ex-
citation), the Mn2+ spin orientation is then due to the mixing
between |Jz = +2, Sz〉 and |Jz = +1, Sz + 1〉 state, the am-
plitude of which is different and yields F2,1,Sz+1. In fact, this
amplitude is identical to the one appearing in the formula de-
scribing the rate of the Mn2+ spin orientation from the Sz +1
state to Sz under σ
+-polarized excitation (see Sec. III A). The
above analysis clearly demonstrates that the spin orientation
rate due to both considered mechanisms is an increasing func-
tion of the same mixing amplitudes for opposite circular po-
larizations of excitation. This finally leads to aforementioned,
opposite characters of the X PL spectra under unpolarized ex-
citation for both mechanisms.
V. COMPARISONWITH THE EXPERIMENT AND
INCLUSION OF MN2+ SPIN FLIPPING DURING THE
ENERGY RELAXATION OF THE EXCITON
Let us assess now to what degree the previously discussed
model of optical orientation can explain the results from
Ref. 27, namely the direction of orientation (towards Sz =
±5/2 for σ∓ excitation), the typical orientation time of 20 ns
— 100 ns for 1/γexc of 0.5 — 3 ns, linear proportionality of
both times (i.e. τorient ∝ 1/γexc), and, most importantly, the
fact that all these features appear to be generic for coupled
double quantum dots, since they were observed for multiple
QDs.
For introduction of only bright excitons into the Mn-
containing QD (Section III), the orientation direction agrees
with experiment when e-Mn2+ flip-flop plays a dominant role,
while it disagrees when hole-Mn2+ flip-flop governs the dy-
namics. In presence of competing carrier-Mn2+ exchange in-
teractions, the net polarization sign depends on QD parame-
ters. Finally, the typical orientation time is about an order of
magnitude longer than the observed one.
The addition of processes of carrier spin relaxation during
the exciton transfer (Section IV) stabilizes the orientation di-
rection (for pf ≈ 40% this direction is in agreement with the
observed one independently of QD parameters), and makes
the orientation time shorter (i.e. closer to the observed one).
However, the power dependence of the orientation time is
τorient ∝ 1/γexc + const., with the offset controlled by the
dark exciton lifetime.
These results suggest that the explanation of experiments
from [27] requires an introduction of additional elements to
the model. Since we have already considered essentially all
the processes involving the Mn2+ spin and the exciton in its
orbital ground state, we conclude that the orientation observed
in [27] occurs (at least in part) due to Mn2+ flipping processes
that happen during the exciton transfer from one dot to the
other. Full analysis of such processes is impossible due to
lack of reliable information on the structure of excited states,
and the nature and strength of Mn2+ spin interaction with an
exciton in one of such states. Only the interaction of Mn2+
with an exciton in the first excited state was characterized
[36]. We will focus then on dynamics that occurs in the light-
emitting dot just before the relaxation of the exciton into its
orbital ground state. Interestingly, using the results obtained
for nonmagnetic coupled QDs, we are able to propose a physi-
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cal model that explains all the features of orientation observed
in [27].
In the new scenario of dynamics we focus on the process
of creation of biexciton in the orbital ground state of Mn-
containing QD. We assume that one exciton is already present
in this state, and the second one is relaxing towards it. Time-
resolved measurements on nonmagnetic pairs of coupled QDs
[52] show, that the holes from the two excitons relax in < 15
ps (independently of their spins) to the lowest energy state, in
which they form a spin singlet decoupled from the electrons
(and the Mn2+ spin in the case of magnetic QD). The relax-
ation of the two electrons is, on the other hand, much slower:
it is preceded by creation of an excited state in which one elec-
tron occupies the s shell, while the other resides in the p shell.
The rate of subsequent energy relaxation depends strongly on
the relative spin orientation of the electrons. In nonmagnetic
QDs, a pair with antiparallel spins relaxes in ≈ 30 ps, while
a pair with parallel spins relaxes in at least twice as long a
time ≈80 ps. The presence of Mn2+ ion can significantly in-
crease the latter process by lifting the spin blockade: e-Mn2+
exchange interaction (dominated by exchange with the elec-
tron in the s shell) allows for simultaneous flipping of one
of the electron spins and the Mn2+ spin. Such a flip-flop is
shown schematically in Fig. 10(a). In this case the creation of
biexcitons out of two excitons having parallel spin electrons
is accompanied by Mn2+ spin change. Note that since the
electron spin is almost perfectly conserved during the exciton
transfer, the probability of creation of spin-blocked electron
pair is high under circularly polarized excitation. The spin of
the electrons is then±1 for σ∓ excitation, so that the electron-
Mn2+ flip-flop results in change of spin from Sz to Sz ± 1, in
agreement with observations.
A completely analogous process takes place during creation
of negative trion (X−) in a nonmagnetic dot [50, 58]. There,
the spin blockaded electrons relax via flip-flop of one of them
with the hole from the s shall (see Fig. 10(b)), which is en-
abled by an anisotropic electron-hole exchange. This process
leads to optical orientation of X− being opposite to the “nat-
ural” one under circularly polarized excitation, a feature ob-
served in all self-assembled QDs (and which persists up to
∼ 20 T magnetic fields in CdTe QDs). The understanding of
the apparent effectiveness of this process has been achieved
only recently [59], by noticing the crucial role of electron-
LO phonon Fro¨hlih interaction that leads to renormalization
of singlet-triplet splitting, and consequently to enhancement
of their mixing by exchange interaction. The key observation
is that the relevant physics is independent of the nature of the
electron flip— if the flip-flop with the hole for X− is efficient,
then the flip-flop with Mn2+ during biexciton creation will be
efficient as well.
We include the above mechanism by modifying the biexci-
ton creation rate: we define the probability pee of biexciton
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creation via lifting of electron spin blockade by e-Mn2+ flip-
flop. For simplicity we assume that pee is independent of the
Mn2+ spin, as long as the flip-flop is actually possible. The
rate of creation of biexciton in |2X, Sz〉 state under σ− exci-
tation is given by
γ(|ψXi 〉 → |2X, Sz〉) = γexc
∑
Jz=+1,−2
|〈Jz , Sz|ψXi 〉|2+
+ γexc
∑
Jz=−1,+2
[
pee|〈Jz, Sz − 1|ψXi 〉|2 + (1− pee)|〈Jz , Sz|ψXi 〉|2
]
, (12)
for Sz > −5/2, and by γ(|ψXi 〉 → |2X, Sz〉) =
γexc
∑
Jz
|〈Jz, Sz|ψXi 〉|2 for Sz = −5/2. This mechanism is
effective only for large enough excitation power, for which the
time between appearance of one exciton and the second one is
shorter than the exciton radiative lifetime. Consequently, high
Mn2+ spin orientation rate due to the flip-flop process of spin
blockade lifting can be achieved when many dark excitons en-
ter the light-emitting QD (i.e. when pf is large). This means
that the currently discussed mechanism is working hand in
hand with the mechanism described in Sec. IV. We can under-
stand it by modifying the transitions scheme from Fig. 6(e).
We need to modify the transitions corresponding to creation
of biexciton out of a mostly dark |ψX+2,Sz〉 state: the probabil-
ity of biexciton creation in |2X, Sz〉 state is lowered from γexc
to (1− pee)γexc, and there appears a possibility of creation of
biexciton in |2X, Sz + 1〉 state with peeγexc rate. Under the
approximation of γexc ≪ γXrec < γ2Xrec we arrive at a simplified
transition scheme shown in Fig. 11(a), and at an approximate
formula for the Mn2+ orientation rate:
γorient(Sz
σ−−−→ Sz + 1) ≈
peepfγexc
γexc
(1 + pf )γexc +G2,Szγ
X
rec
+
+G2,Szγexc
pf
(
γXrec + 2γexc
)
(1 + pf )γexc +G2,Szγ
X
rec
. (13)
This formula is a sum of two contributions, the first of which
comes from spin blockade lifting by electron-Mn2+ flip-flop,
while the second one is the orientation rate γd(Sz
σ−−−→
Sz + 1) caused by appearance and recombination of dark
excitons, cf. Eq. (10). The ratio of the two contributions is
≈ peeγexc/G2,SzγXrec, so that for large pee and τexc = 1/γexc
time shorter than the dark exciton lifetimeG2,Szγ
X
rec, the flip-
flop mechanism of Mn2+ spin orientation that is the dominant
one. Consequently, for large excitation powers the orientation
rate is proportional to γexc, in agreement with experiments
[27].
Numerical simulations for pf = 40% and various pee con-
firm the above approximate result, see Fig. 11(b). With in-
creasing pee, the offset of the linear dependence of τorient on
τexc decreases, and for pee = 50% the orientation time be-
comes practically proportional to τexc. Furthermore, as illus-
trated in Fig. 12(a)-(i), this result does not require any fine-
tuning of the QD parameters. We have used pm = 65% and
1/γexc < 5 ns in these simulations, in agreement with the ex-
periment [27]. The proportionality factor between τorient and
τexc is between 15 and 30 for a wide range of used parameters,
showing that it is weakly dependent on strenght and character
(e.g. the presence of hh-lh mixing) of carrier-Mn2+ exchange
interactions. This is a simple consequence of Eq. (13), which
for large excitation power gives
γorient(Sz
σ−−−→ Sz + 1) ≈ [peepf/(1 + pf )]γexc . (14)
From this we get that the probability of Mn2+ spin flip from
Sz to Sz ± 1 per one polarized excitons injected into the QD
depends only on pee and pf , and for pee = 50% and pf =
40% we have p0≈ peepf/(1 + pf) ≈ 0.14, which is close to
the p0=0.1 estimated in [27] (note that proportionality factors
from Figs. 12(a-i) are between 2 and 4 times larger than p0
due to the assumption of imperfect polarization transfer, see
Appendix). Finally, let us not that the calculated steady state
PL spectrum of the neutral exciton, shown in Fig. 12(j,k,l),
bears close resemblance to the observed spectra [27, 43].
VI. SUMMARY
We have discussed a broad range of models of Mn2+ spin
orientation due to quasi-resonant injection of spin-polarized
excitons into a quantum dot containing a single Mn2+ spin.
All of these models were based on a general assumption that
the quantum dot remains in a neutral charge state, and that it
may be occupied by an exciton or a biexciton. The spin ori-
entation process was considered within a frame of a simple
rate-equation model describing the changes of the Mn2+ spin
state induced by the s, p-d exchange interaction with optically
created excitons. Our analysis revealed that, depending on the
specific assumptions, such a model predicts vastly different
orientation rates or even different directions of the orientation
process. The various discussed mechanisms could be used to
understand future experiments on analogous systems involv-
ing QDs containing single magnetic ions other than Mn2+.
The sensitivity of the optical orientation process to various
parameters characterizing the excitonic states, their coupling
with the localized spin, and the relaxation processes of all the
involved spins, could be used to indirectly access these param-
eters that are most often inaccessible to direct measurement
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(e.g. carrier spin relaxation times, that are typically much
longer than the exciton recombination rate, but the magnitude
of which influences the Mn2+ photo-orientation time, that is
a much more easily measurable quantity).
Building upon these findings we were able to quantitatively
reproduce the experimental results from Ref. 27. The two key
ingredients were: (1) sufficiently high influx of the dark ex-
citons (with spin-flipped hole), and (2) a possibility of an ef-
ficient flip-flop process between the spins of the electron and
the Mn2+ ion, assisting the biexciton formation.
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Appendix A: Dependence of the Mn2+ spin orientation rate on
the efficiency of the exciton polarization transfer in a simplified
model
In order to elucidate the reason for the increase of the Mn2+
orientation time with decreasing efficiency of the exciton po-
larization transfer between the coupled QDs, it is instructive
to employ the simplest rate-equation model, which was orig-
inally proposed in Ref. 27. In the generalized version of this
model we consider n > 1 different spin states (6 in the case
of the Mn2+ ion), and label their occupation probabilities by
pi. We assume that initially, i.e., at t = 0, each of these prob-
abilities is the same (i.e., pi(t = 0) = 1/n). The optical ori-
entation process is then described by introducing transitions
between adjacent states. More specifically, we assume that
during the presence of Jz = ±1 exciton the i state can be
transferred to i ± 1 state with the rate of γorient (being de-
pendent on the excitation power). The limited efficiency of
the polarization transfer is accounted for by introducing the
parameter α > 0.5, which corresponds to a probability that
the exciton Jz = ±1 is injected to the dot under σ±-polarized
excitation. Within these assumptions we obtain the following
set of rate-equations relevant for the excitation with σ− polar-
ization (which are schematically illustrated in Fig. 13(a)):
dpi
dt
=


−αγorientp1 + (1− α)γorientp2, if i = 1,
−γorientpi + αγorientpi−1 + (1 − α)γorientpi+1, if 1 < i < n,
−(1− α)γorientpn + αγorientpn−1, if i = n.
(A1)
Let us now consider how fast the leftmost i = 1 state is being depleted. In an idealized case of α = 1 (i.e., 100% efficiency
of the polarization transfer), this process is simply described by dp1dt = −γorientp1, which shows the depletion (i.e., orientation)
rate to be equal to γorient, independently of the number n of considered states. Analytical solution of the aforementioned set of
rate-equations shows this result to be unaltered in the general case of α < 1 as long as there are only n = 2 states in the model.
However, for larger number n ≥ 3 of states the situation turns out to be completely different. In order to exemplify this, let us
consider the particular case of n = 3, for which the occupation probability of the leftmost state is given by
p1(t) =
(1− α)2
1− β +
(2α− 1)(2− α)
3(1− β) e
−γorientt
[
cosh
(√
βγorientt
)
+
1 + α
2− α
√
1− α
α
sinh
(√
βγorientt
)]
, (A2)
where β = α(1 − α). This time dependence exhibits multi-exponential character, but, analogously as in Sec. IV, it can be
approximated with an exponential dependence of the form p1(t) ≈ p1(∞)+ [p1(0)−p1(∞)] exp(−γn=3(α)t), where γn=3(α)
represents the effective depletion rate of the considered state. The value of γn=3(α) may be thus calculated based on the time
integral of p1(t)− p1(∞) as
γn=3(α) =
(
1
p1(0)− p1(∞)
∫ ∞
0
[p1(t)− p1(∞)] dt
)−1
= γorient
1 + (1− α)3
1 + 3(1− α)− (1− α)2 . (A3)
Fig. 13(b) presents the dependence of the above calculated ori-
entation rate γn=3 on α. As seen, the considered rate clearly
decreases for lower values of α, and turns out to be almost two
times smaller than γorient for α ≈ 0.7 known from the exper-
iment [27]. Even more pronounced difference between the
these two rates is obtained for larger number of states, which
is revealed by γn=4(α) and γn=6(α) dependencies shown in
Fig. 13(b). In particular, the value of γn=6(α ≈ 0.7) for
n = 6 (i.e., the case of the Mn2+ ion) is approximately four
times smaller than γorient. This result unequivocally confirms
that the Mn2+ spin orientation dynamics (measured experi-
mentally as the depletion rate of state with an extreme spin
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FIG. 13. (a) Scheme of states and transitions included in the simplified model of the optical orientation process. (b) Dependencies of the
depletion time of the leftmost state (i = 1) on the polarization transfer efficiency α calculated for various number n of states considered in the
model.
projection) is substantially influenced by the efficiency of the excitonic polarization transfer.
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